Objective To assess whether revascularisation that is considered to be clinically appropriate is also cost effective. Design Prospective observational study comparing cost effectiveness of coronary artery bypass grafting, percutaneous coronary intervention, or medical management within groups of patients rated as appropriate for revascularisation. Setting Three tertiary care centres in London. Participants Consecutive, unselected patients rated as clinically appropriate (using a nine member Delphi panel) to receive coronary artery bypass grafting only (n=815); percutaneous coronary intervention only (n=385); or both revascularisation procedures (n=520). Main outcome measure Cost per quality adjusted life year gained over six year follow-up, calculated with a National Health Service cost perspective and discounted at 3.5%/year. Results Coronary artery bypass grafting cost £22 000 (€33 000; $43 000) per quality adjusted life year gained compared with percutaneous coronary intervention among patients appropriate for coronary artery bypass grafting only (59% probability of being cost effective at a cost effectiveness threshold of £30 000 per quality adjusted life year) and £19 000 per quality adjusted life year gained compared with medical management among those appropriate for both types of revascularisation (probability of being cost effective 63%). In none of the three appropriateness groups was percutaneous coronary intervention cost effective at a threshold of £30 000 per quality adjusted life year. Among patients rated appropriate for percutaneous coronary intervention only, the cost per quality adjusted life year gained for percutaneous coronary intervention compared with medical management was £47 000, exceeding usual cost effectiveness thresholds; in these patients, medical management was most likely to be cost effective (probability 54%). Conclusions Among patients judged clinically appropriate for coronary revascularisation, coronary artery bypass grafting seemed cost effective but percutaneous coronary intervention did not. Cost effectiveness analysis based on observational data suggests that the clinical benefit of percutaneous coronary intervention may not be sufficient to justify its cost.
INTRODUCTION
Guidelines based on clinical appropriateness criteria (optimising net benefits to health) are widely used to inform decisions about practice but are insufficient grounds for allocating healthcare resources. Although consensus exists that cost effectiveness analysis is needed to maximise the health gains achieved from a limited budget, how closely formally measured clinical appropriateness accords with cost effectiveness is not known. Population rates of coronary revascularisation, particularly percutaneous coronary intervention, 1 have increased rapidly, but many influential trials report no cost data, 2 analyse costs but not in relation to effectiveness, 3 or report cost effectiveness but not in terms of quality adjusted life years. 4 No three way randomised comparisons of the cost effectiveness of medical management, percutaneous management, and coronary artery bypass grafting exist. 2 Most importantly, as clinical equipoise is seen as an ethical prerequisite of randomisation, patients considered clinically more suitable for one procedure than another are, generally, not included in trials.
We sought, therefore, to identify the cost effectiveness of treatments rated as clinically appropriate by a multidisciplinary panel. We studied three alternative management strategies for coronary disease: coronary artery bypass grafting, percutaneous management, and medical management. We used the RAND appropriateness method, 5 which has been shown to be a prognostically valid method to determine the clinical suitability of unselected patients to have revascularisation, 6 7 but without consideration of costs. A cost effectiveness analysis based on quality adjusted life years is suitable for comparing treatments that are expected to affect mortality, morbidity, or both and is the most suitable basis to inform decisions about the provision or reimbursement of healthcare technologies.
METHODS

Participants
The appropriateness of coronary revascularisation (ACRE) cohort consists of consecutive patients, recruited without exclusion criteria, who had coronary angiography between 15 April 1996 and 14 April 1997 at three hospitals of one National Health Service trust in London. 5 We identified 4121 patients and followed them for six years. Most patients had chronic coronary disease at baseline; only 6% were recruited during an admission with acute myocardial infarction. This economic evaluation focuses on the subgroup of 1740 patients rated as appropriate to have bypass surgery, percutaneous management, or both. Of these, we excluded 20 patients because they died without having revascularisation and no record of their intended management plan existed. All patients gave consent. 5 A detailed technical report of the methods used for this six year analysis is available (www.york.ac.uk/inst/ che/staff/griffin.htm).
Clinical appropriateness ratings
Before recruitment of patients to the ACRE study, a nine member expert panel rated separately the clinical appropriateness of bypass surgery and percutaneous management in hypothetical patients for 985 specific clinical indications (based on the RAND-Delphi technique 9 ). Appropriateness was defined by clinical judgment, based on available evidence, that doing a procedure would be associated with more benefit than harm. Appropriateness ratings were assigned to ACRE participants on the basis of their individual clinical characteristics at the time of angiography to identify those patients who would benefit clinically from revascularisation. Details of these ratings have been reported previously. 10 The ratings did not take account of patient preferences or cost considerations.
NHS resource use and costs
We adopted the cost perspective of the NHS and included the costs of bypass surgery, percutaneous management and angiography procedures (including hospital stay), drugs, admissions for chest pain, general practitioner visits, outpatient appointments, and visits to the emergency department. The occurrence of hospital admissions, their reasons, and lengths of stay came from the NHS-wide clearing service. Data on drugs at baseline and at one year and six year followups came from hospital case notes, general practitioners' and patients' questionnaires (response rate 85% at baseline, 77% at one and six years), and case notes after admissions for chest pain. Frequency of attendance in the previous year at a general practice, outpatient department, or casualty came from the patients' questionnaire. Unit costs came from previously published studies and published pricing lists for the United Kingdom. 3 11 12 Costs are reported in UK sterling (£), updated to 2003/4 prices and discounted at 3.5%/year. 8 11 Outcomes and quality adjusted life years More than 99% of the study sample were flagged with the UK Office of National Statistics, which notified us of dates of death. We ascertained acute non-fatal myocardial infarction through the NHS-wide clearing service and classified it according to recent criteria. 13 As part of the six year questionnaire, patients completed the EQ-5D health related quality of life instrument, from which we derived utility scores. 14 15 Utilities represent quality weights for the calculation of quality adjusted survival; 1 corresponds to the highest degree of quality of life, and 0 is equivalent to dead. As we did not collect EQ-5D data at baseline and one year followup, we estimated utilities for these time points by using other variables on the patients' questionnaire to predict EQ-5D scores in a regression model. The variables used included the patient rated severity of angina symptoms, 16 shortness of breath, and demographic factors. We calculated an estimate of quality adjusted survival for each patient by weighting their survival according to their quality of life. We discounted quality adjusted survival at a rate of 3.5% a year. 8 
Statistical methods
We analysed patients in three groups on the basis of their being rated clinically appropriate for bypass surgery only (that is, not for percutaneous management), for both procedures, or for percutaneous management only (that is, not for bypass surgery). Within the three groups, we compared those who had bypass surgery, those who had percutaneous management, and those who had neither type of revascularisation (medical management). These actual management groups are defined as the treatment received within one year of index angiography. For patients who died within one year without having a procedure, we used the intended management recorded at baseline as a proxy for actual management.
We used regression analyses with interaction terms to estimate the effect of actual management, by appropriateness category, on cost effectiveness (total costs and quality adjusted survival), presence of angina, and mortality at six years' follow-up. We adjusted analyses for the potential confounders in table 1, and additionally included baseline utility for adjustment of quality adjusted life years. 17 Odds ratios for presence of angina at six years came from multiple logistic regression and hazard ratios for death from Cox regression. Regression of life years (cumulative survival) used an ordinary least squares approach. We analysed cost effectiveness by using seemingly unrelated regression, 18 a multivariate regression technique that accounts for the potential correlation between costs and quality adjusted survival.
To compare the three management strategies, we used standard cost effectiveness decision rules. 19 We calculated the incremental cost effectiveness ratio comparing two management strategies, which represents the cost per quality adjusted life year gained by moving to a more costly, more effective method of management. To reflect uncertainty, we derived cost effectiveness acceptability curves showing the probability that each treatment is cost effective for a range of threshold amounts that the NHS would be willing to pay per quality adjusted life year. 20 We have used a threshold of £30 000 (€45 000; $58 000) per quality adjusted life year in presenting the cost effectiveness results, on the assumption that the maximum incremental cost effectiveness ratio acceptable to the NHS lies between £20 000 and £40 000 per quality adjusted life year. 21 We imputed missing data on length of stay and patient reported resource use (general practitioner visits, outpatient attendances, and visits to casualty) with simple ordinary least squares. In adjusted analyses, and when obtaining utilities, we used multiple imputation with chained equations. 22 23 We created five imputation datasets to allow retention of between imputation variance in estimating standard errors. 24 We used univariate sensitivity analyses to investigate assumptions about the need to adjust for the definition of actual management, the inclusion of patient reported resource use, the exclusion of hospital admissions for reasons unrelated to chest pain, and the differential timing of the one year patients' questionnaire (one year from revascularisation for percutaneous management and bypass surgery or one year from index angiography for medical management).
RESULTS
Baseline characteristics
Of the 1720 patients in the economic analysis, 815 (47%) were rated as appropriate for bypass surgery only, 520 (30%) were rated as appropriate for both procedures, and 385 (22%) were rated as appropriate for percutaneous management only (table 1) . The prevalence of current smokers was similar across the three appropriateness groups (10%, 10%, and 13%). The severity of angina (Canadian Cardiovascular Society class) was also similar. Those rated as appropriate for bypass surgery tended to have a higher number of diseased vessels, higher prevalence of impaired left ventricular function, and higher operative risk scores. Single vessel disease was more common among patients rated as appropriate for percutaneous management only.
Clinical outcomes
Over the six year follow-up, 44% (335/754) of patients initially treated with medical management and 26% (93/364) of those initially treated with percutaneous management went on to have additional revascularisation procedures; of those who initially had bypass surgery, further revascularisation was needed for only 4% (25/602) of patients. Angina was present in 55% (560/ 1020) of patients at six years. Among patients rated as appropriate for bypass surgery, adjusted analyses showed a significantly raised odds of angina for those who had percutaneous management or medical management compared with those who had bypass surgery (table 2) . A suggestion of similarly raised odds was apparent in patients suitable for percutaneous management who had medical management compared with those who had percutaneous management. Overall, 16% (277/1720) of patients died during follow-up. Adjusted analyses in the group appropriate for bypass surgery showed a raised risk of death for those who had medical management compared with bypass surgery or percutaneous management. Among the group rated appropriate for percutaneous management and bypass surgery, we found some evidence that the risk of death in patients who had percutaneous management or medical management was almost twice that in those initially treated with bypass surgery (table 2) .
Costs
The costs of treating patients with medical management remained considerably lower than those for percutaneous management or bypass surgery (fig 1) . In year one, the costs of medical management were 9-12% of bypass surgery costs and those for percutaneous management were 43-50% of bypass surgery costs. By year six, these ratios rose to 43-50% for medical management and 78-82% for percutaneous management, primarily owing to the need for additional revascularisation procedures (table 2) . Approximately 74% of percutaneous interventions involved one or more stents. The average unadjusted costs of each initial treatment strategy were, at baseline, £12 500 for bypass surgery, £5800 for percutaneous Previous CABG 60 (7) 68 (13) 29 (8) Previous PCI 31 (4) 62 (12) 45 (12) Previous MI 371 (46) 268 (52) 207 (54) Heart failure 116 (14) 48 (9) 44 (11) Previous stroke 76 (9) 34 (7) 29 (8) Diabetes 130 (16) 69 (13) 52 (14) No of diseased vessels: (2) 213 (41) 282 (73) 2 106 (13) 263 (51) 79 (21) 3 or left main stem 691 (85) 44 (8) 24 (6) Diffuse disease 199 (24) 71 (14) 28 (7) Left ventricular function (329):
Normal 456 (67) 324 (82) 251 (78) Impaired 220 (33) 71 (18) 69 (22) Mean (SD) Parsonnet operative risk score 0 (no angina) 38 (6) 22 (5) 14 (5) I-II (mild angina) 179 (27) 97 (24) 76 (25) III-IV (severe angina) 437 (67) 282 (70) 213 (70) CABG=coronary artery bypass graft; CCS=Canadian Cardiovascular Society; PCI=percutaneous coronary intervention; MI=myocardial infarction.
management, and £1400 for medical management; these rose to £16 200, £12 100, and £9200 at six years. The adjusted analysis made little difference to the estimated cost differences (table 3) .
Cost effectiveness Average predicted baseline utility was 0.55, considerably lower than the UK population norm of 0.80 for people aged 55 to 64. 25 The average utility score among those alive at six years improved to 0.65. Because of deaths, the average length of survival in the study was around five years. Adjusted analyses by appropriateness category showed no significant differences in discounted mean survival duration (that is, life expectancy) across treatment groups. For the groups rated appropriate for bypass surgery only or percutaneous management only, the clinically appropriate treatment had the highest mean quality adjusted life years. In the group rated appropriate for either type of revascularisation, bypass surgery had the highest mean quality adjusted life years. Adjusted analyses showed significant differences in quality adjusted survival comparing medical management with bypass surgery in patients appropriate for bypass surgery only or for percutaneous management and bypass surgery (table 3) .
Among patients rated as appropriate for bypass surgery only, the incremental analysis showed that percutaneous management had an incremental cost effectiveness ratio of £11 000 per quality adjusted life year compared with medical management and bypass surgery had an incremental cost effectiveness ratio of £22 000 per quality adjusted life year compared with percutaneous management (table 3) . Thus bypass surgery is the most cost effective procedure for patients rated as appropriate for bypass surgery. The probability that bypass surgery is the most cost effective treatment strategy was 59% at a willingness to pay of £30 000 per quality adjusted life year, compared with 40% for percutaneous management (fig 2) .
In patients rated as appropriate for both procedures, percutaneous management was ruled out on grounds CABG=coronary artery bypass graft; MI=myocardial infarction; MM=medical management; PCI=percutaneous coronary intervention. *Adjusted for age, sex, ethnic group, Canadian Cardiovascular Society score, left ventricular function, previous stroke, MI, previous CABG, previous PCI, diabetes, diffuse disease, diseased vessels, heart failure, and Parsonnet score; for all adjusted analyses, missing data have been imputed by multiple imputation 23 and results are a summary of those from five imputation datasets. 24 †Overall hazard ratio presented despite some evidence of non-proportional hazards over time.
of "extended dominance"-at any cost effectiveness threshold, either medical management or bypass surgery was a more cost effective option (fig 2) . The incremental cost effectiveness ratio for bypass surgery compared with medical management was estimated as £19 000 per quality adjusted life year (table 3). The probability that bypass surgery, percutaneous management, and medical management are the most cost effective forms of management was estimated at 63%, 22%, and 15% respectively (fig 2) . Among patients appropriate for percutaneous management only, percutaneous management dominated bypass surgery (that is, it was less costly and more effective than bypass surgery) and had an estimated incremental cost effectiveness ratio of £47 000 per quality adjusted life year compared with medical management (table 3) . This incremental cost effectiveness ratio is above the maximum usually considered acceptable by the NHS, making medical management the most cost effective treatment strategy in patients rated as appropriate for percutaneous management. The probability that percutaneous management is most cost effective was estimated at 36%, compared with 54% for medical management (fig 2) .
Sensitivity analysis
The cost effectiveness results were robust to adjustment for the timing of the one year questionnaire, the exclusion of patient reported cost data, and the inclusion of other hospital admissions. Altering the definition of actual management to treatment received within 15 months of angiography did not affect the study results. However, among the group rated as clinically appropriate for bypass surgery, altering the definition of actual management to treatment received within nine months caused the incremental cost effectiveness ratio for bypass surgery compared with percutaneous management to increase from £22 000 to £33 000.
DISCUSSION
Among consecutive patients, all of whom were judged to be clinically appropriate for revascularisation, the analysis suggests that bypass surgery within 12 months was cost effective in relation to a standard UK threshold but that percutaneous management was not. These findings challenge clinical practice and healthcare policy, which has evolved on a basis of evidence of effectiveness from clinical trials, largely in isolation from considerations of cost effectiveness. As angina pectoris has a high incidence and prognostic burden in the general population, where many patients are not evaluated for revascularisation, 26 these findings are important for public health.
Strengths and limitations
This study has several strengths. Firstly, we defined clinical appropriateness by using an explicit method that has been shown to be highly reliable and prognostically valid. 5 27 We used an expert panel to provide an independent measure of appropriateness, before recruitment of patients. Based on all forms of evidence-meta-analyses, 28 29 trials, observational studies, and clinical experience-the panel's judgments aimed to articulate clinical appropriateness, without consideration of cost. †Discounted at rate of 3.5% a year. ‡Reference category. Adjustments are for age, sex, ethnic group, Canadian Cardiovascular Society score, left ventricular function, previous stroke, myocardial infarction, previous CABG, previous PCI, diabetes, diffuse disease, diseased vessels, heart failure, and Parsonnet score; adjusted analysis of QALYs and total cost are from seemingly unrelated regression and include an additional adjustment for baseline utility; for all analyses missing data have been imputed by multiple imputation 23 ; results are a summary of those from five imputation datasets. 24 
RESEARCH
Secondly, more than 90% of unselected consecutive patients were matched to an appropriateness rating, allowing our results to represent a real world view of cost effectiveness; patients selected into clinical trials may not be representative of unselected patients in terms of baseline severity of disease, health related quality of life, use of resources, and prognosis. 30 The case fatality we observed in this population (approximately 3% a year) was comparable to that seen in large, less selected, primary care populations. 26 Our analysis was made possible by the ubiquitous phenomenon that not all patients in whom revascularisation is deemed appropriate will actually receive it. We have shown that clinical appropriateness ratings in a broad unselected population accord with evidence of clinical effectiveness from trials.
Thirdly, we were able to make comparisons between three alternative management strategies that may never be simultaneously investigated in cost effectiveness analysis alongside randomised trials. This is both a strength and limitation; observational studies may be the only study design to answer the research question, but they come at a cost of confounding. Patients who go on to receive bypass surgery may have been destined to have better outcomes than those who do not, and the results may therefore be "confounded by indication." We sought to redress this both by design (patients who are judged to be suitable candidates for revascularisation are by definition more similar than those who are not) and by analysis (by using multivariate regression analysis to adjust for the potential confounding effects of baseline clinical and demographic characteristics).
A second limitation of our analysis, inherent in the need for long term follow-up studies, is that we do not know whether percutaneous management judged clinically appropriate according to the most recent criteria remains not cost effective. Although this awaits empirical testing, several lines of evidence indicate that this may be the case. The cost of the percutaneous management procedure has increased with drug eluting stents, 31 and percutaneous management remains associated with higher costs resulting from subsequent admission to hospital. Meanwhile, an increasing number of drugs for secondary prevention have been shown to improve outcomes in chronic coronary disease.
Association of clinical appropriateness with better outcomes Patients who had bypass surgery were least likely to have angina present at six years. This confirms findings from randomised trials, 2-32 but in a broader, unselected population. The treatment rated as clinically appropriate corresponds with the greatest number of quality adjusted life years, although this result was statistically significant only for the comparison of medical management with clinically appropriate bypass surgery. Throughout the six year follow-up of this unselected patient group, quality of life remained lower than expected from age specific population norms. The low utility scores, despite intervention, reflect the findings of the bypass angioplasty revascularisation investigation (BARI) trial, in which angina was also found to have a substantial negative impact on quality of life. 33 Lack of cost effectiveness of percutaneous coronary intervention Our analysis indicates that clinically appropriate percutaneous management within 12 months was not cost effective. Despite the large increase in numbers of percutaneous coronary intervention procedures seen in many countries, we do not find this result surprising: the high costs of percutaneous management and the need for subsequent procedures, 3 32 34 absence of mortality benefit, 35 and absence of a marked gain in quality of life have all been separately reported in trials. Our contribution is to estimate jointly the cost and outcome of percutaneous management that is considered clinically appropriate, in comparison with medical management and bypass surgery. The use of percutaneous management has increased rapidly, on the sole basis of clinical criteria without consideration of the economic consequences. As a result, the funds invested in percutaneous management could potentially be invested in more cost effective treatments that would provide greater benefit to NHS patients. Cost effectiveness of bypass surgery Bypass surgery within 12 months was the most cost effective strategy among patients rated as appropriate to have bypass surgery if the maximum incremental cost effectiveness ratio the NHS is willing to accept is around £30 000 per quality adjusted life year. However, if we define actual management as treatment received within nine months (which may be viewed as short given a mean UK waiting time of 6.5 months at the time of the study 36 ) the incremental cost effectiveness ratio just exceeds £30 000 per quality adjusted life year. We found that the relative cost differences between bypass surgery and percutaneous management reduced over the follow-up period, but the absolute difference remained significant at six years. Medical management is consistently the least costly form of management; the low treatment costs are not fully offset by high admission rates or costs of late procedures. Previous trials have indicated a greater degree of "catch up." The BARI trial showed an increase in percutaneous management costs from 65% to 98% of bypass surgery costs after 12 years of follow-up; most of the gain was in the first five years. 33 Future work could extend the cost effectiveness model over a lifetime horizon, in which interventions with large "up-front" costs, such as bypass surgery, may seem more cost effective. Willingness to pay thresholds differ markedly across countries with the greatest numbers of people with chronic coronary disease-India, China, Russia, United States-and similar study designs could be used to inform national policies.
Conclusion
This cost effectiveness analysis in a real world setting offers a challenge to physicians, providers, and payers to show that the management of coronary disease currently offered, however clinically beneficial, is also cost effective. This was the case for bypass surgery within 12 months, but not for percutaneous management, for which the additional benefit was too small to justify the additional cost over the consistently less costly strategy of medical management.
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WHAT IS ALREADY KNOWN ON THIS TOPIC
Guidelines based solely on clinical appropriateness are widely used to inform decisions about practice; whether care based on appropriateness criteria is also cost effective is unknown No three way randomised comparisons of the cost effectiveness of medical management, percutaneous coronary intervention, and coronary artery bypass grafting have been done Evidence of cost effectiveness in "real world," routine practice settings is also lacking
WHAT THIS STUDY ADDS
Coronary artery bypass grafting seems both clinically beneficial and cost effective for patients judged clinically appropriate for revascularisation The clinical benefit of percutaneous coronary intervention, however, does not seem to be sufficient to justify its additional cost
